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SAND80-1455/11

SEI SM C REFLECTI ON MAPPI NG OF
DI SCONTI NUOUS SANDSTONE BQODI ES

PART ||
FI ELD EXPERI MENT

Sandi a hgiithaPoEgggLatories
Al buquer que, NM 87185
ABSTRACT

Three-di mensional seisnmic reflection data were acquired at a site in
East-Central U ah where known sandstone channeling existed in the O 1500 ft
depth range. The site was atop a bl uff-bounded on three sides by cliff faces
on which the channels were observed to outcrop. Geol ogic descriptions of
outcrop and a corehole were developed in coordination with this seisnic
investigation as a means of evaluating the seismc interpretation

Two- di nensi onal vertical slices of the 3-D data exhibit characteristics
simlar to those observed in a conmpanion synthetic nmodel study of channel
sands. (Qbserved reflections were discontinuous, exhibited channel character
(concave-convex surfaces, peak-to-peak thickening), and could be correl ated

on a nunmber of parallel sections. Two-dinmensional horizontal (tinme) slices

of these same data support the interpreted trend and attitude of three channels

as determned fromthe vertical sections. \Wen projected fromthe area of

the seismc survey out to outcrop position on the cliff face, these seismcally

determ ned channel s have a good correlation with observed, outcropping
sandstones.  Disagreenent between seismically predicted channel trend and
trend determned statistically from outcrop measurenents exists, but for two

of the three channels detected, this disagreement is mnor
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1.0 | NTRODUCTI ON

Part | of this report (Dobecki, 1980) outlines the rationale behind
enpl oyi ng seismc techniques for the mapping of sandstone channel reservoirs
typical of the tight (low permeability) gas sands of the Western United
States. That report also characterizes the theoretical seismc signature of
such channel bodies by way of a two-dinmensional synthetic seisnogram study.

This section O the report, Part Il - Field Experiment, describes
a coordinated field program enpl oyi ng conbined seismnic, borehole, and outcrop
information to evaluate the effectiveness of seismc techniques in mapping
actual channel sands.

A site was chosen which exhibited shallow (0-2000 ft depth) channels,
some underlying continuous horizons, and extensive outcrop information. A
t hr ee- di mensi onal seismc survey was performed at this site in Decenber, 1979
through early January, 1980. This report presents the results of this survey
and a seismc interpretation based upon input fromthe synthetic nodels,

outcrop, and well |og data.

2.0 SITE DESCRI PTI ON
The primary requisites for a site suitable for performance and eval uation

of such a seisnic experinent may be listed as follows.

1) Depth to channeling should be relatively shallow (less than 4,000 ft).
Refl ections from shal |l ower targets should retain nmore higher frequency
conponents in the seismc wavelet and thereby optim ze the seismc passband

as suggested by the model study described in Part | of this report.

2) The target section should contain known channeling. The area should
have sufficient control to know that channels exist and what range of sizes

and distribution with depth m ght be expected.

Such a site was |ocated in the Bryson Canyon Gas Field of east-central U ah.

Location of the site was determined with the help of WIliam B. cashion



(US.GS.) and Carroll F. Knutson (C. K Geoenergy Corp.). Dr. cashion has had
extensive experience in mapping the geology of the U nta Basin, and Dr. Knutson
is under DOE contract to develop a means of predicting channel behavior by
means of corehole and outcrop analysis of sedinentary structures contained in
channels. It was decided that it would therefore be best to coordinate the
seismic and corehole/outcrop prograns and performthese together at a site
meeting the requirenments of both

The site is physically located in east-central Uah (Figure 1) near the
Col orado border, sone 50 miles northwest of Gand Junction, Colorado. The
| ocation is generally known as the East Canyon area, Specifically, the site
occupies a flat topped ridge (Figure 2) in Section 16, T17S, R24E in G and
County, Uah. The area where the seismc survey and corehole were placed
was the top of the flat ridge within the rectangle drawn on Figure 2. The
ridge is bounded on three sides by steep cliffs exposing nearly 1110 ft of
the subsurface in their faces.

Ceologically, the site is |located near the southeast edge of the U nta
Basin. The top of the ridge (Figure 3) in the seismc survey area, consists
of the Tuscher Fm (part of the upper Cretaceous Mesa Verde group) with
underlying Farrer and Neslen formations (also Mesa Verde) exposed in the
cliff faces. Significant channel devel opment is observed in the Farrer with
fewer channels seen in both the overlying Tuscher and underlying, coal bearing
Neslen.  Deeper formations, exposed in outcrop on the drive into the site but
not in the cliff faces, include the blanket Sego sand, the Buck Tongue of
the Mancos shale, the blanket Castlegate sand, and the Mancos shale. Vertically
beneath the site, then, is a section of approximtely 1500 ft of sands having
channeling underlain by a thick section of continuous beds. In addition to the
information provided by the planned C. K.  Geoenergy corehole (GC #1), the site
physi ography itself presents an unique input to the seismic programin that
most of the objective section (upper 1500 ft) is exposed on the cliff faces.

The site is also affected by local structure as it is situated on the



southern flank of the Westwater anticline. This feature trends roughly east-
west and plunges to the west. The Bryson Canyon field and the Westwater gas
field farther west are |ocated on the crest of the anticline but produce
from deeper formations than the Mesa Verde group, The effect on the seismc
site area is to introduce dip to the south and west which will be superinposed
on the trend of the channels. A minor amount of faulting is observed in the
area as seen on a geologic map of the region (Cashion, 1973), and, in the
course of his detailed outcrop study of the ridge, Dr. Knutson encountered
only one, minor east-west fault (Knutson, personal communication).

The area of the site is under' the control of the Bureau of Land Managenent
(BLM and therefore all plans for drilling, clearing, and perfornmance of the

seismc survey were submtted to and approved by the BLM office in Mab, U ah.
3.0 SEI SM C SURVEY

3.1 Input geologic and well |og data. From the outcrop study by Knutson
(personal conmunication), it was apparent that nost channeling could be
expected in the Farrer fm and that typical size would range from a few up
to 60 ft in thickness and, typically, 150-200 ft in cross-sectional width.
Vel CC #1 was drilled at about the same tinme as the seismic data were obtai ned.
It reached a total depth of about 1,050 ft and was |ogged. The logs run
included: Borehole Conpensated Sonic (BHC), Caliper, Natural Gamm, and
Four-arm Continuous D pneter. Figure 4 presents a portion of the BHC-Gamma
log. Most apparent fromthis section is the fact that the sands (noted by
dotting on gamma log), particularly 280-304 ft, 385-410 ft, and 434-474 ft
(called the "Geen" channel in this report) are |ower velocity (8,000-8,700
ft/s) than the shalier background material (10,000-10,600 ft/s). This is in
contrast with observed velocities deeper in the Unta Basin (vgy,q = 11,800
ft/s) and as used in the nodeling program This is felt due both to fractur-
ing observed in the channels in outcrop and to |eaching of cenent by ground-

water flow in the sands at these shallow depths. However, the contrast in



vel ocity across channel boundaries remains so reflections, albeit of opposite
polarity than nodeled, should still be generated by the channels

The sonic log was digitized, and a one-di mensional synthetic seisnogram
was generated by Seismc International Research Corporation (SIRC), the
contractor chosen to performthe seismc survey. This seisnogram (Figure 5)
starts with T = 0.000 sec equivalent to the top of the log (160 ft depth),
therefore a time error representing two-way reflection time fromthe surface
to 160 ft is present. This was elimnated, however, by shooting into a geo-
phone at a known depth placed in the well for a true time tie. This time
correction is measured at +47 mlliseconds. Several obvious features on the
seisnmogram are i medi ately apparent. First, the effect of the three thicker
channel's (including the "Geen" channel) in the upper 500 ft of the log is
characterized by a separate event for the shallowest but a conposite event for
the lower two. That is, the channel reflection fromthe 385-410 ft overlaps the
"Green" channel reflection because the two bodies are only 24 ft apart. The
"Geen" reflector is arbitrarily given this nane as green is the color used
to follow this event in the interpretive phase described later. The response
of the Geen reflector, then, is characterized by the segment of the conposite
event as indicated on Figure 5. Therefore, any channeling involving this
reflector will be characterized by trough-to-trough thickening of this "Geen"
conposite. A second observation, given noise free data, is that the coal
bed near 924 ft (within the Neslen fm) should provide a |arge anplitude and
continuous (when conpared with channel deposits) reflection

The log data and the derived synthetic record show that a) severa
di screte sand beds exist, and these are assumed to be channels as no continuous
type of sand bed is observed in outcrop, b) the velocity contrast shown by
the channel s yields good reflections, and c) the response of channels separated

by only 20 ft overlap in tine yield a conposite reflection.

3.2 Field procedures and initial observations. The seismc programwas a

3-D, or areal, seismc survey. This means that instead of a number of



expl osive shot points, for exanple, being recorded by a linear array of
receiver (geophone) stations, a nunber of shot points are recorded by a two-
di mensi onal array of geophone stations. Figure 6 shows, basically, the field
arrangenment enployed in this field data acquisition program A rectangul ar
array of geophone stations (6 stations by 8 stations) was set out while 6
shot points were fired. Each shotpoint, then, generated a separate record

of 48 channels. By shooting in this fashion and then nmoving the whole array
along the direction of traverse, a dense array of comon depth points (CDp's)
are developed. Running additional, overlapping traverses results in conplete
coverage of an area. Figure 7 shows the net CDP covered area at the survey
site. The area is approximately 750 ft x 1,080 ft and includes the |ocation
of well GC #1. CDP spacing is 15 ft, yielding a 50 x 72 grid of subsurface
data points or a total of 3,600 cpp's.

Figure 8 shows two raw displays of shot data; each display shows the
output from a 48-geophone rectangle for a single shot. Each shot source
was a length (5 ft) of primacord; recording was made by SIRC using a 48-chan-
nel digital seisnograph. It is apparent that the air wave fromthe shot is
a mj or source of noise, leaving a narrow tine w ndow in which to record
reflections. This is a conmon problemin shallow seismc surveying; the
travel time for the target reflections is very close to the travel tines of
shot generated noise. In this respect, this particular survey mght have
been sinmpler if the objectives were actually deeper. However, prom sing
alignments before the air wave arrival indicate the presence of valid
reflections.

In addition to the sonic log, a tine calibration was obtained by shooting
fromthe surface into a geophone located at a depth of 260 ft in well GC #1.
Recorded tine was 0.036 sec or a reflection time of 0.072 sec for a 260 ft
depth. This corresponds to the earlier nentioned time tie of 0.0465 sec for

the synthetic seisnpogram



4.0 PROCESSED RESULTS AND | NTERPRETATI ON

Basically, there are three possible ways to display three-dinensiona
(X, Y, T)seismc data. The entire data set nmay be displayed, but this
requires a three-dinensional display format which must al so be transparent
to display internal data points. This, although instructive, would be cunber-
sone and difficult to manipulate, A second possibility would be to display

the data on selected vertical planes, or vertical slices. For exanple, the

plane (X, 0, T) represents a normal-type seismc record section (X T) along
alineY=0  Any arbitrary slice of the data will produce a time section.
This enables the interpreter to select dip lines, strike lines, etc. by
merely selecting lines in those directions. The third possibility would be
to display the data on selected horizontal planes, or tine slices. This is
a relatively new nmethod of display and unfamliar to even nost geophysicists
used to working with seismic data. For exanple, the plane (X, Y, TI) represents
a map of reflection anplitude values over the entire survey area (X, Y) at a
given value of reflection time, r;. As this is a map of anplitudes, each data
point (CDP) has an anplitude represented by a gray scale (or color) where
bl ack represents maxi mum positive anplitude (peak) and white is m ninmm
(trough). Therefore, a horizontal reflector will be a uniformshade at its
time of reflection. Dipping and curved reflections will be represented by
bands on dark and light having very much the same appearance as an outcrop
pattern on a geol ogic nmap. Figure 9 shows sone sinple block diagrams of 3-D
structural (not seismc) situations, although the extension to seisnmic should
be obvious. The sides of each block represent vertical slices while the tops
and bottons correspond to time slices.

In the following, a series of vertical slices will be discussed and
interpreted in terms of channeling. These will be followed by a series of

time slices, and any correspondence between the two displays will be noted

4.1 Vertical slice display. Refering to Figure 7, it is noted that the

rectangul ar area shows six colums |abeled "7-1" through "T-6." These six
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traverses represent the six vertical slices presented in this section. A
single slice section is presented for each traverse although each is a

wei ght ed conbi nation of twelve possible, parallel slices within each traverse.
The maxi num CDP "fold", or data redundancy, of each presented section is 120
which is very substantial. Wl GC 41 falls along traverse 3, so this is the

| ogi cal section with which to begin analysis. Figure 10 shows an uninterpreted
segnent of the section along traverse 3 with the synthetic sei smogram super -

i nposed at the approxinmate position of well GC #1. Note that each (section and
synthetic) is plotted in reverse polarity (actual peaks becone troughs and
vice versa). Fromthe nodel study of Part | which had the reverse velocity
situation (higher velocity channels) peak-to-peak thickening (trough w dening)
was a characteristic of channeling. By plotting reverse polarity, the field
data has the same character as the nmodels. Particular items to notice on the
match is a) the "Geen" reflection (labeled "c") on figure 10 is easily seen

b) the shallower, sand reflection is lost in early shot noise, and c) the

coal reflection is poorly reproduced. The loss of the coal reflection is due
toits arrival at nearly the same tine as the air wave interference. It is
apparent that the coal reflection will not be usable under these circunstances
therefore one criterion noted in the model study, disruption of underlying
continuous reflections, is not available as an interpretive tool in this

study. I will now proceed to present traverse section 1 through 6 concentrat-
ing primarily on the "Green" reflector but noting other features on the
sections. It is inportant to recall at this tine that we are dealing with
reflectors known to be discontinuous. Disruptions of a signature most |ikely
represent actual discontinities; i.e ., even if a reflection continues
(apparently) beyond a disruption it is more than likely the response of a
different sand body. Gven the guidelines for detecting a channel seismcally,
as determined in the Part | nodel study, interpretations of the six vertica

slices are given in the follow ng.

4.1.1 Traverse 3. As stated previously, this traverse intersects the well
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CC #1 and is the obvious starting point for an interpretation. If particular

channel events can be noted on this section, especially if they can be tied

to the well, the next step would be to nove to adjacent sections to see if
t hese same events persist laterally. In this way, the whole area may be
mapped

Figure 1la is the processed, although uninterpreted, section along
traverse 3. On the whole, this section exhibits several reflections; however,
there are no reflections which are continuous across the entire section. The
only ways a continuous reflector would be seen are a) if continuous beds
existed or b) if the traverse paralleled the channel axis. The first is not
valid until several thousand feet deeper, and the second would require a good
deal of luck. The discontinuous nature of the reflections is sinply a conse-
quence of the geology. Figure 11b shows the same section interpreted in
terms of channeling. The reflections so marked signify the "Geen" reflector
at the well position (marked C on figure) and other, unknown bodies away
fromthe well. This interpretation was made as follows. The vertical lines
were marked on the record at positions where a seemingly continuous set of
reflections termnated. The peaks above and below the "G een" trough were
traced outward fromthe well and continued across a discontinuity if the
offset in reflection tinme was slight. Across major discontinuities (e.g.
at CDP #335) another, arbitrarily chosen interval was also narked off. To be
consi dered a channel reflection, the reflection should be flat or convex on its
upper surface, flat or concave on its |ower surface, should show peak-to-peak
thickness variation, anplitude increase on the |ower reflection, and be
di scontinuous in nost cases. Section 3, therefore, mght possibly be inter-
preted as show ng the responses of four sand channels as separated by the
vertical lines on figure IIlb. CDP 335 definitely separates two bodies as
there is substantial offset ( 20 mlliseconds) of the reflections on either
side. To the left of CDP 335, the channel, if | may use the term is sub-
stantially deeper, on the order of 100 ft, than the channel to the right.

12



It, as well as the reflection outlined to the right of CDP 335, exhibits the
peak-to-peak thickening as well as a divergent upper reflection. The divergence
is mniml, however, due to the presence of noise on the section and to the
observation of only slight curvature on most | enses as seen in outcrop.

To the right of CDP 335, we have a choice of interpretations. Either
three separate but closely spaced channels, exist at approxinmately the sane depth,
two channels (separated near CDP 320) , or one large channel faulted near
CDP 320. As little faulting has been observed in outcrop, the tendency is
to consider two channels. M ninmum w dths of these channels which, for con-
venience, | will lable A, B, and C (figure Ilb), C being the "G een" sand of
well GC #1, are A =180 ft, B = 150 ft, and C = 285 ft. Bot h channel s A and
C continue off the section, therefore their widths are given as mni num
Separate top and bottomreflections are not observed, so channel thicknesses
must be less than 0.5 wavel ength. One wavel ength, given the velocity and
approxi mate central frequency of the wavelet, is on the order of 130'.

G ven thickness in GC #1 of the "Geen" sand as 40 ft (80 ft if the smaller
sand above it is included), we can estimate that each channel seen is on the
order of 40 ft thick.

The test of whether or not these are real expressions of channels is
how wel | these same features correlate with observations on other traverses.
| will proceed first to the east of traverse 3 (to nunbers 2 and 1) then

afterwards, to the west (numbers 4, 5, and 6).

4.1.2 Traverse 2. The first and nost striking observation nmade in |ooking

at Section 2 (figure 12a) is the higher level of noise as evidenced by the
poorer signal anplitude and coherency, However, by follow ng the sane inter-
pretive procedure as described for traverse 3, and also by overlaying 2 on 3,

it is obvious that simlar events can be interpreted on section 2 (figure 12b).
The same three channels are seen, as judged by width and event character

The most significant difference is with *a" channel which on section 2 appears

distorted, perhaps thicker, although in proper depth relationship to the other
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channels. It is felt this maybedue to interference fromthe response of
anot her nearby channel not present at this position on section 3. This is
based in part on the interpretation of section 1, so additional input will be
made in the follow ng section. The shapes and positions of the channels are
very simlar to section 3 which instills confidence in the interpretation of

these as discrete, real bodies.

4.1.3 Traverse 1. Section 1 (figure 13a) is an inproved section conpared to
2 with a higher signal to noise ratio (S/N). The reflections, although
di scontinuous, are nuch clearer and easier to follow The interpreted
section (figure 13b) shows, again, the sane three channels, buttheir positions
have noved slightly north (right). W can see the full width of "A" ( 240 ft)
as it appears totally on the section. A striking observation is the appearance
a new event |abeled E on the section. This is the mostconvincing "channel"
signature that is seen on any section in this report. It exhibits all the
characteristics (convex-concave reflections, thickening) expected fromthe
Part | nodel study. It is sone 300 ft deeper than channel B and is thicker
However, it is not observed on section 3 or in well GC #1. This inplies the
channel nmust trend a different direction than A, B, or C. W also note that
A has the same, non-interference, shape on section 1 as on section 3. It
is felt that channel E is the interfering channel mentioned in the previous
traverse description; the trend of channel E could be such that it is
quite close to A on section 2. Also, no other manifestation of Eis seen on
section 2 apart fromthe interference at A If correct, this inplies that
channels A, B, and C, to this point are nearly parallel features, but deeper
channel E is trending in a substantially different direction. This is an
i nportant observation in termsof the objectives Of this experinent; that is,
channel trend mayvary with depth.

Anot her inportant observation is that going fromtraverse 3 to 1, the
events have occurred sooner, or at earlier tines. This neans there is a com-

ponent of dip up from3 to 1 which is to the northeast. This is consistent
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with the local structural situation described earlier. The site is on the south
flank of a westward plunging anticline; structural dip should be down to the
southwest, or up to the northeast. Realize, however, that this is post-
depositional structure and had no bearing on the orientation of the channels

when they were actively formng as river beds.

4.1.4 Traverse 4. This section (figure 14a) also shows good signal to noise
ratio (S/N). The interpretation, shown on figure 14b, again shows the sane
channels. In this instance, however, channels B and C show a nore definite
separation than on traverse 3, which inplies that although quite close to one

another, they are apparently separate bodies.

4.1.5 Traverse 5. This section (figure 15a) much like traverse 2 has poor
SI'N, but using the same procedures as before, an interpretation can be nade
which is consistent with the devel oping subsurface situation. The three
channel's maintain their typical positions wth C separate fromB. The shapes
of the events, however, are quite distorted felt due primarily to the increased
noise on this section. It appears that the left linmt of Ais just into the
section, the width inplied being the same as interpreted fromtraverse 1

At this point it is worth discussing probable sources of noise which
seems to vary in intensity across the site. The site of the survey itself
rests on outcropping Tuscher formation which consists of some very |arge,
al nost continuous-1ooki ng channel sands. Therefore, right at the surface is
a hard sandstone whi ch under normal circunstances would be expected to ring
under application of an inpul sive stress | oad. In nmost shots, |ooking at
unprocessed shot point records such as figure 8, we see that this was not the
case. However, due to source coupling, characteristics of the sand, or other
unknown reasons, significant ringing was occasionally encountered. This is the

suspected cul prit which caused signal degradation along Traverses 2 and 5.

4.1.6 Traverse 6. This final two-di mensional record section is the south-

western-nmost in the survey area. The uninterpreted section (figure 16a)
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shows increased S/N conpared to section 5 but still bel ow that of section 3.
The interpreted section (figure 16b) is quite simlar to that of section 3

wi th channel C overlapping the channel B response. Reflection tines to al
events are later than section 3 by somel? mlliseconds, again attesting to
the SWstructural dip in the area. This dip provided no indication as to
direction of channel flow as we know flow was generally toward the ancient
sea which was to the east of the |and mass. The general apparent structural
dip (in terms of reflection tine) across the site area there is approxi mately
33 mlliseconds per 1,000 ft (two-way time). This nunber will prove useful
when projecting seismcally observed channels to their predicted outcrop

posi tions.

4.1.7 Summary of two-dinensional sections. W have seen that a set of
discrete reflection events having the characteristics of channels have been
observed consistently across the survey area. Three of these are essentially
parallel with a fourth, deeper and non-parallel event observed on only two
sect ions. To interpret these in ternms of channel trend, | have plotted
(figure 17) the interpreted channel edges for A, B, and C on the map of
seismc control. The channel s neander about an average trend of N 60° E
as shown on the map view. Note that this is a projected map view - all three
channels are at different depths, channel A particularly so. also, the
northeastern ends are shallower than the southwestern ends by an estimated
128 ft using an average velocity to the channels of 8 6500 ft/s. Therefore,
a true horizontal slice at a given depth would not show such a picture of
three channels; rather it would show only the outcrop pattern of one or two
of them A simlar projection of channel E would trend approximately N 10°E
or at an angle of 50° fromthe trend of the shallower channels.

The next step in the analysis of these seismc data is the conparison
of this two-dinensionally derived interpretation with' the anal yzed

t hree-di nensi onal dat a.
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4.2 Three-dimensional, horizontal slice display. Before discussing the tine
slice data, some prelimnary thoughts on what the data should look |ike are
in order. If the channels were horizontal (i.e. no dip), then a single tine
slice through a channel would show the full pattern, or map, of that channe
across the survey area. |If the channel is dipping, however, several tine
slices are required; shallow depths at earlier times, deeper points at later
time slices. Further, the pattern of a channel on any tine slice will be a
distorted view of a channel. To illustrate, figure 18 shows the outcrop
pattern of a channel, of elliptical cross section, for dips of 0, 10, 45,

and 90 degrees. The 90-degree case, the channel being vertical, is not an
expected field reality, but its outcrop pattern shows the true cross-section
of the channel. |f the same channel is dipping, its outcrop elongates in the
direction of dip: the nore the dip, the greater the elongation. Further,

i f deeper horizontal slices are nade, the pattern will progressively nove
down dip. Also, as the reflection response consists basically of a top peak,
trough, and bottom peak, all three will be seen on a single tine slice if the
channel is diping. The bottomreflection will, of course, be observed at the
updip end of the total channel reflection. The final case (0 degree dip) is
the situation refered to earlier; the whole channel is observed on a single
horizontal slice. If additional structure, such as faulting or warping, is
superinposed upon this sinple picture, the observed patterns could beconme
qui te conpli cated.

The time slice sections to be presented are positive polarity, or opposite
the vertical slice sections, such that a trough on a section will be character-
ized by a dark point on the time slice while a peak becones a white spot.
Again, each CDP will be represented by a 15 ft x 15 ft square, or pixel
on the time slice. The anplitude of the received signal at a given CDP
at a given tine is represented by a grey scale (peak = white; trough = black).
A priori, fromthe previous section, we know that the reflections are dipping.

This means several different reflections will be observed on a single tine
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slice (see, for exanple, figure g9b). An inportant part of reducing such tine
slice data, then, includes determning which patterns observed belong to the
same reflection. This will becone apparent when observing real data exanples.
Figure 19 is an exanple of an uninterpreted tinme slice at a two-way
reflection time of 0.136 sec. The several patterns outlined have an apparently
random orientation. However, some may represent the top and bottom reflections
fromthe same reflector (because of dipping beds) while other patterns may
represent totally different reflectors. Each pattern, then, nust be identified
with a given reflection event. To do this, we nmust go back and forth between
vertical slices and horizontal slices and make consistent identifications.
On the vertical sections, | identified three channels (A B, and C) and
associated a top peak and a bottom peak with each. | will maintain this same
nonencl ature by mapping only the top and bottom peaks ("white" areas) on the
time slice data. The total range of reflection tines is from0.095 sec
(top of Band Cin NE corner) to 0.175 sec (bottom of A in SWcorner). Four
time slices at times of 0.116, 0.120, 0.124, and 0.128 sec are interpreted
and shown on figure 20. These tines cut through the heart of channels B and
C and therefore should represent their trends very Wll. The shall owest
slice (T = 0.116) shows that for B and Cthe dip is toward the |ower |eft
and the pattern for each is generally elongate fromleft to right. The next
deepest slice intersects the top and bottomreflections over a greater area,
and the trend of the channels is nore apparent. For conparison, the projected
limts of channel B taken fromvertical slice data (fromfigure 17) are
superinposed on this time slice. A though displaced slightly towards the
bottom of the figure, the reflection pattern follows the two-dinensiona
interpretation very well. On the third section, we observe that the deeper
channel (A) is starting to contribute nore to the picture, and that the shal-
| ower channel reflections are nmoving down dip and becom ng | ess dom nant.
These observations continue onto the deepest slice shown here. The trends

of channels A, B, and C, then, agree with the two-dinensional, vertica
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section interpretation. The observation that the inter-
pretations agree is not surprising as both represent different views O the
same data. However, taken alone, either set has some uncertainty in the
validity of the interpretation; agreement between the two |lends a great deal of
confidence to the common interpretation.

The overall interpretation, then, is that there are a mninumof three
channel s which trend N 60° E across the seismc survey area in a depth range
of approximately 400 - 700 ft. One channel, C, is intersected by borehole
CGC #1, and another, B, lies very close to C although slightly shallower. The
third channel, A lies farther south of B and C, (approxinmately 300' S of B)
has nearly the same trend, but is sone 80-100 ft deeper than B. The channels
are typically 150 ft to 280 ft wide, on the order of 40 ft thick, and traverse
the whole survey area (i.e. mnimumlength of 1,080 ft). An additional
questionabl e channel, called E, is observed on section 1 as a well devel oped
event. However, it is not clearly seen on section 2, save for a distortion
of channel A If this can be assuned due to interference fromE, then this
channel trends N 10° E and |ies sone 180-200 ft bel ow channel Cin the area
of traverse 1. If a valid channel, this would inply that channel orientation
may change as a function of depth reflecting different filuvial conditions at

varied depositional periods.

5.0 COVPARI SON W TH coreHOLE AND OUTCROP GEOLOGY

A test of the accuracy of the interpretation of the seismc data is by
compari son with geologic data available from corehole GC #1 and from the
outcrop mapping performed by C. K. Geoenergy Corporation (CK).

CK geol ogi sts have neasured the thickness and outcrop pattern of some
250 sandstone channels greater than 5 ft thick fromthe surface (Tuscher)
down into the Neslen fm at the bottomof the cliffs. Besides purely geometric
descriptions, neasurements of the channel trend were estinmated using a
statistical approach as described by Knutson (1978). The study utilizes

nunerous neasurenents of the orientations of primary structural elenments
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(e.g. trough cross beds) within a single channel outcrop to determine channe
orientation. The only neans of conparison of the two sets of data would be
either to project the sand channels from outcrop back into the survey/well
area or to project the seismc interpretation to outcrop. The latter nmight be
more neani ngful because the outcrop study gives instantaneous, or single
point, orientation; that is, it gives flow direction at the outcrop position
and not really the average channel direction. The seisnmic interpretation
shows channel behavior over 1,080 ft and exhibits meandering behavi or
as well as average trend. Gven this as the nmeans for conparison, | shal
attenmpt to project channels A, B, and Cto their outcrop positions. As channel
C intersects the well, it is the logical starting point.

El evation of the top of channel Cin GC 1 is given as 6,238 ft above
MSL. To deternmine where it will intercept the cliff face we need to know its
trend and its dip. The only measure of dip we have is in terms of reflection
time. The average value used will be 33 ns per 1,000 ft. This translates
to a dip along the channel axis of approximtely 140 ft per 1,000 ft (8°). That
means, at a range of 1,500 ft fromthe well along azinuth N 60° E, the top of
channel C would be at an elevation of 6,425 ft. At a range of 900 ft fromthe
well, it would be at an elevation of 6,350 ft. It turns out, using the topo-
graphic map of figure 2 and the N 60° E azinuth, the channel top should
crop out at a range of 950 ft at an elevation of 6,370 ft. A similar treatment
of channels A and B would not exactly be possible as they are not tied to the
well. However, | can estinmate their depths within traverse 3 by noting their
reflection times. Such an analysis yields approxinate elevations of the tops of
A and B, respectively, as 6,075 ft and 6,190 ft at the mddle of the channe
and at the mddle of traverse 3. Projecting the same dip and the same azimuth
from these points, we find range and el evations of outcrop as (1,100 ft,
6,340 ft) for B and (1,200 ft, 6,240 ft) for AL On figure 21, a section of
the topographic map, the starting points within the survey, and the vectors to

the outcrop projections are all given. Aalso given on figure 21 are the outcrop
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patterns of some sand channel s which have been mapped by CK.  The numbers

next to each are identification nunbers used by CK.  Cbviously, these are

candi date channel s actually observed which appear very near the projections

of A, B, and C  The nearness to the projection as well as their close proximty
to each other nake channels 8 and 10 the nost reasonable choice for C and B
respectively, while channel 7 occurs closest to the projected outcrop of A
However, because of changing values of dip noving toward the crest of the
Westwater anticline, it is possible that channels 4 and 5 could represent
channels C and B. This uncertainty cannot be resolved. Measured and cal cul at ed
parameters of channels 4, 5, 7, 8, and 10 are presented (Knutson, personal

comruni cation) along with the corresponding seismc determnations in Table I.

TABLE | Conparison of Seismc and Qutcrop Descriptions of Channel Sandstones

Channel El evation (top) Thi ckness W dt h Beari ng
A 6, 240 40 (?) 240 N 60° Et
7 6, 240 8 ? N 25°¢ E*
B 6, 340 40 (?) 150 N 60° Et
10 6, 400 20 240 N 100° E*
5 6, 280 10 ? N 25° E*
C 6, 370 40 (?) 285 N 60° Et
8 6,410-6,420 26' 375' N O0°E*
4 6,310-6,320 25' ? N 20° E*

t average bearing of meandering channel

* pbearing of meander based on single point
Note from the conparison that the nmost glaring discrepancy lies in the channe

bearing. This is due, as nentioned previously, to comparing average channe

trend with a single point trend, or trend of a neander section. From both the
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two di nensional map projection (Figure 17) and the tine slice data (figure 20),
we can easily observe that the channel patterns are not straight, but do
meander. The N 60" E is the average bearing, but, on channel C for exanple,
the bearing varies fromN 16° E to N 110° E dependi ng upon position along the
channel. |If seismic coverage extended out to outcrop, the trend at outcrop
could easily be determned. Al that can be attenpted here is to assune that
the neandering can be described by a regular curve such as a sine wave and
predict channel orientation by extrapolation. Channel B,for exanple, can be
fit wwth a sine wave having a wavel ength of 1,100 ft. If we use this figure
for all three channels and utilize the ranges to outcrop of 950 ft for C

1,100 ft for B, and 1,200 ft for A the follow ng estimates of neander trend

at outcrop are derived A - N60°E; B-N80°E; C-N110°E. That is, A and B agree
quite well with channels 7 and 10 fromthe outcrop study while channels C

and 8 are in even worse agreement. Channel 8, trending north, is quite

anomal ous conpared to other observed channel trends at this |level, although
sone seismc evidence indicating other than the N 60° E trend exists at other
depth levels. The position of channel 8 still is best suited as the interpreted
counterpart of seismc channel C, the discrepancy in trend needs to be explained.
Possi bl e explanations include: a) channel 8 is actually a different channe

whi ch has eroded down through C at this position, b) an error occurred in

cal culation of the outcrop analysis, c¢) channel C actually corresponds to

anot her channel, such as nunber 4 or, d) neanders cannot be described by a

sinple sine function. It is not likely that this discrepancy can be resol ved.

6.0 CONCLUSI ONS

Both the cross-sectional appearance of discontinuous events and the
meandering nature of these events as they are seen in nmap view lead to the
conclusion that they do represent sandstone channels. The events are discon-
tinuous in a lateral sense only; they do exhibit continuity along their |ong
axes as would be expected. The seismcally interpreted shapes of the three

channel s described are in agreenent with the normally observed sandstone
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channels in this area. Projection of seismically observed patterns to outcrop
encounters real channels at or near the predicted position whose geonetries

are simlar to those predicted. Trend of the channel at outcrop, Conparing
seismic prediction with stratigraphic estimation, is less in agreenent.

However, considering that the seismc estimate is based upon a mathenatica
extrapol ation and that the stratigraphic estimte has some statistical un-
certainty, the agreenent for all but channel Cis quite good. The prinmary
uncertainties found in the seismc data revolve around depicting an accurate
geonetry (i.e. thickness and width) of individual lenses. Current data
processi ng devel opments (wavelet extraction, anplitude analysis), together wth
more detailed nodel studies might help resolve the thickness variations of
these relatively thin beds. Mgration of the data woul d be useful in delineat-
ing the width although this is a less confining problem The main success of
this experinent is felt to be in the determ nation of channel trend; both the
azimuthal bearing and the dip. This is inportant for predicting where subse-
quent wells mght be placed to encounter the same channel and al so how the
channel trends in relation to the in situ stress field - an inportant aspect of

massive hydraulic fracturing treatment.
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FI G 9 Perspective view of three 3-D structural situations:
al horizontal planar beds, b) dipping planar beds,
and c¢) di pping fol ded beds.
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FIG 18 Horizontal cross-sections, or outcrop patterns,
of the same, elliptical channel for four
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T=0.116 sec. T=0.120 sec.

T=0.124 sec. T=0.128 sec.

FIG 20 Interpreted tine slices of 3-D seismc data at
four mllisecond siices. "Top" represents the
top peak of the given channel reflection;
"Botton represents the bottom peak.  Super-

i mposed on the 0.120 sec slice I1s the pattern
of channel B from Figure 17.
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